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IZBCOTZVB  SUMiauiy 


This  program  was  dosignad  to  datarmina  tha  corrosion  and  arosion 
rasistanca  of  savaral  aluminum  alloys  that  ara  baing  usad,  or  ara  baing 
considarad  for  usa,  in  tha  "raskinning"  of  outar  wing  slats  for  tha  HU-2Sh 
Coast  Guard  aircraft.  All  matarial  avaluations  wara  accomplishad  through  a 
sarias  of  controllad  laboratory  arosion  and/or  corrosion  tasts.  An 
undarstanding  of  how  tha  various  alloys  raspond  to  tha  environmental 
conditions  selected  to  simulate  possible  aircraft  operations  is  required 
before  the  material (s)  are  accepted  for  usa  on  the  HU-25A  aircraft. 

Tha  three  aluminum  alloys  investigated  during  this  program  included  a 
French  alloy  (aged  and  unagad) ,  Alloy  2024-T3  (aged,  unagad  and  hard 
anodised),  and  Alloy  2219-0  (aged  and  unagad).  Representative  samples  of  each 
alloy  were  tasted  in  tha  "as-racaivad"  condition. 

The  test  results  indicate  that  Alloy  2219-0  should  not  be  considered  as 
a  candidate  replacement  material  for  the  outer  wing  slats  of  the  HU-25A 
aircraft.  The  hardness,  and  therefore  tha  arosion  resistance,  of  this 
material  is  significantly  less  than  that  of  the  French  and  2024-T3  alloys. 

This  factor,  combined  with  poor  corrosion  resistance  of  Alloy  2219-0,  suggests 
that  Alloy  2024-T3  be  considered  to  replace  the  current  French  alloy. 

Battalle  also  recommends  the  implementation  of  a  suggestion  by  Falcon 
Jet  personnel  to  incorporate  a  baffle  into  the  canter  and/or  inboard  wing 
compartments  of  the  HU-25A  aircraft.  During  routine  antiicing  operations, 
this  baffle(s)  would  serve  to  redirect  the  hot  engine  gases  away  from  the 
current  "hot  spots"  that  are  located  along  the  leading  edges  of  the  outer  wing 
slats.  The  results  obtained  from  the  erosion  and  corrosion  testing  of 
aluminum  alloys  that  have  been  retempered  to  various  temperatures  indicate 
that  the  level  of  material  degradation  is  controlled  by  temperature.  Ideally, 
the  temperature  of  the  wing  slat  should  not  exceed  ITS^C. 

Data  obtained  from  the  literature  indicate  that  an  eightfold  reduction 
in  corrosion-related  damage  on  aircraft  that  are  stationed  in  marine 
environments  will  occur  if  the  aircraft  are  moved  a  minimum  of  800  yards  from 
the  ocean.  Some  additional  reductions  in  damage  occur  by  moving  aircraft  up 
to  about  a  mile  from  the  coast,  but  no  significant  reductions  occur  at 
distances  beyond  one  mile. 
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Tha  Unltad  States  Coast  Guard  aircraft  operations  create  severe 
corrosion  problems  as  a  result  of  low-level  flight  profiles  and  parking  in 
close  proximity  to  marine  environments.  One  of  the  specific  questions  being 
addressed  in  this  study  is  whether  there  are  more  corrosion-resistant  alloys 
that  can  be  used  to  reskin  the  wing  slats  of  Falcon  jets. 

One  particular  aircraft  that  receives  a  considerable  amount  of 
corrosion-related  maintenance  is  the  HU-25A  Falcon  jet.  This  aircraft  is  used 
by  the  Coast  Guard  for  search  and  rescue  and  offshore  surveillance,  hence,  its 
flight  profile  accelerates  the  potential  for  corrosion  problems.  Personnel 
from  the  Coast  Guard  Aircraft  Repair  Service  Center  (ARSC)  located  in 
Elizabeth  City,  N.C.  have  stated  that  more  than  fifty  percent  of  the  Falcon 
jet  fleet  have  required  wing  corrosion  repairs  or  maintenance.  In  most 
instances,  the  repairs  are  associated  with  the  inboard  and  center  wing  slats 
which  fail  due  to  (1)  the  corrosive  salt  air  and  (2)  thermal  stresses  induced 
as  a  result  of  the  aircraft's  wing  anti-icing  system. 

The  Falcon  jet  employs  a  wing  anti-icing  system  that  operates  off  hot 
air  bled  from  the  RH  and  LH  engines.  Distribution  of  the  hut  air  to  the 
leading  edges  of  both  wings  is  accomplished  through  two  solenoid  valves  and  a 
series  of  telescopic  tubes  that  contain  numerous  holes.  The  activation  of  the 
system  is  electronically  controlled  by  the  pilot  within  the  cockpit  of  the 
aircraft. 

Local  "hot  spots"  or  areas  of  discoloration  develop  at  specific 
locations  along  the  leading  edges  of  the  inboard  and  center  wing  slats  in 
response  to  a  lack  of  venting  of  the  hot  air  within  the  wing  compartments. 

This  condition  is  most  severe  when  the  slats  are  in  the  up  position,  which 
occurs  when  the  aircraft  is  climbing  and  cruising.  The  wing  deicers  are  used 
during  these  periods  as  well  as  when  the  aircraft  is  in  inclement  weather  at 
high  altitudes.  However,  it  is  not  uncommon  for  the  pilot  to  forget  to  turn 
the  system  off  and  leave  the  deicers  running  after  the  aircraft  has  landed. 
This  additional  exposure  time  contributes  to  a  reduced  service  life  of  the 
inboard  and  center  wing  slate. 

In  an  effort  to  reduce  the  costs  and  aircraft  "down  time"  associated 
with  premature  wing  slat  failure,  the  U.S.  Coast  Guard  is  considering  the 
replacement  of  the  currently  used  French  aluminum  alloy  with  an  alternative 
aluminum  (Type  2024-T3  or  2219-0)  alloy.  As  part  of  this  consideration,  the 
Coast  Guard's  Research  and  Development  Center  requested  that  Battel le  conduct 
a  program  to  perform  (1)  an  analysis  of  a  failed  center  slat  fabricated  from 
the  French  alloy,  and  (2)  a  chemical/physical  characterization  of  the  French 
and  alternative  aluminum  alloys  to  quantify  the  corrosion  and  erosion 
resistance  of  each  material.  The  results  of  all  examinations  and  analyses 
obtained  during  this  program  are  provided  in  this  final  report. 


OBJBCTXVI 


Th«  obj«ctiv«  of  this  program  was  to  detarmina  tha  corroaion  and  aroslon 
raaistanca  of  aavaral  aluminum  alloys  that  ara  baing  usad  or  ara  balng 
considarad  for  usa  in  tha  raskinning  of  wing  slats  for  tha  HU-2SA  aircraft. 

All  information  obtainad  from  tha  program  will  ba  usad  by  tha  Coast  Guard  to 
salact  a  matarial  that  incraasaa  tha  raliability  and  maintainability  of  tha 
HU~25A  aircraft. 


TBCaNZCAL  APPROACH 


Tha  acopa  of  this  program  includad  tha  following: 


•  An  analysis  on  a  small  piaca  of  failad  wing  slat  ramovad 
from  tha  laading  adga  of  tha  cantar  slat  of  an  oparational 
HU-25A  Falcon  jat.  Tha  slat  was  fabricatad  from  tha  Franch 
alloy. 

•  A  comparativa  avaluation  of  tha  corrosion  and  aroaion 
raaistanca  of  tha  Franch  aluminum  alloy  with  its  nominal 
Amarican  aquivalant  alloy  (2024-T3),  and  comparison  of  tha 
parformanca  of  both  alloys  with  tha  Alloy  2219-0. 

•  A  datarmination  of  tha  maximum  tamparaturas  raachad  on  tha 
laading  adgas  of  tha  cantar  slats  whan  tha  Falcon  jat 
daicars  ara  functioning.  In  addition,  idantify  any  "hot 
spots"  that  ara  prasant  and/or  may  davalop  along  tha  laading 
adgas  of  tha  inboard,  cantar,  and  outboard  slats  of  tha 
aircraft  wara  to  ba  Idantifiad. 

•  A  litaratura  saarch  on  "saafront  axposura  tasts"  that  wara 
performed  using  ASTN  (Amarican  Society  of  Testing  Methods) 
or  other  atmospheric  tasting  methods.  All  data  wara 
evaluated  on  the  basis  of  CG  aircraft  stationed  on  the 
ground  in  corrosive  atmospheres  or  in  low-level  flight  over 
salt  water. 


BZPERX MENTAL  PROCEDURES 


Tha  technical  activities  of  this  program  were  divided  into  four  separate 
tasks.  An  abbreviated  summary  of  the  materials  tested,  experimental  protocol, 
and  all  techniques  used  to  analyze  the  results  obtained  during  these  tasks  are 
provided  in  tha  following  text  for  each  of  the  tasks. 
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Xaak  1.  Alloy  Bvaluation 


Thia  taak  Includad  a  conpariaon  of  tho  Amorican  and  Fronch  aluminuo 
alloya  that  aro  uaod  for  tha  outor  coating  of  HU-25A  Falcon  jot  wing  alata. 
Sao^loa  of  uaod  and  now  Fronch  alloya  %#oro  included  in  the  evaluation,  aa  «#ell 
aa  Alloya  2024-T3  and  2029-0.  A  liating  of  tho  quantity,  aize  and  "aa- 
rocoived"  condition  of  tho  alloya  invoatigated  in  thia  taak  ia  provided  in 
Table  1. 

Sable  1.  Suaoary  of  aluoinuo  alloya  provided  for  tooting  in  Saak  1. 


Tho  activitioa  of  thia  taak  included  (1)  a  chemical  analyaia  to 
determino  the  concontrationa  of  tho  alloying  olementa  in  each  of  the  alloya 
being  invoatigated,  (2)  a  metal lographic  and  microhardneaa  analyaia  of  all 
alloya,  and  (3)  an  analyaia  of  each  alloy'a  inherent  corroaion  reaiotance  aa 
determined  by  two  (OC-polarization  and  ASTM  B-117-85  aalt  fog)  laboratory 
corroaion  teat a. 

Saak  2.  Bvaluation  of  Broaion  Reaiatanee 

The  goal  of  Taak  2  waa  to  inveatigate  the  eroaion  reaiatanee  of  aeveral 
aluminum  alloya  uaing  a  high-apeed  water  droplet  eroaion  device.  Comparative- 
type  evaluationa  were  performed  on  alloys  that  were  in  both  the  new  or  unused 
and  aged  (artificially  or  on  the  aircraft)  conditions.  Artificial  aging 
refers  to  thermal  treatment  as  might  be  encountered  in  the  antiicing  process. 

A  sufflBiary  of  the  alloys  and  any  metallurgical  conditioning  of  the  test  samples 
prior  to  testing  is  provided  in  Table  2. 

The  centrifugal  erosion  device  was  calibrated  to  expose  small  samples  of 
the  individuals  alloys  to  a  set  of  conditions  that  replicated  the  actual 
flight  patterns  of  an  HU-25A  aircraft.  Deionized  water  droplets  used  in  all 
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Xabl*  2.  Sii— iry  of  aluminiui  alloys  oroslon-toatod  in  Task  2. 


klMSiinno  Alio 


French  Alloy 


Test  Condition 
of  Sample 

Source  of  Samples 

Virgin  (used  u  reference 
material  throughout  teating) 

Coast  Guard  ARSC 

Artificially  aged  24  hour* 
at  204  C 

Artificially  aged  110  hour* 
at  220  C 

Naturally  aged  on  aircraft  2131 

Metal  Air  Service 

Naturally  aged  on  unidentified 
aircraft 

Metal  Air  Service 

2024-T3  Alloy 

Virgin 

Coait  Guard  R&D  Center 

Artificially  aged  24  hours 
at  204  C 

2024-T3  Alloy 
(Hud  Anodized) 


2029-0  Alloy 


Coast  Guard  R&D  Center 


Artificially  aged  24  hours  at 
204  C 


testing  contained  500  ppm  of  salt  (NaCl),  which  simulated  the  sea  salt  air. 

The  impingement  angle  of  the  droplets  impacting  the  samples  was  maintained  at 
90  degrees  to  the  test  surface  of  the  sample.  The  velocity  of  the  samples 
ranged  between  280  and  300  mph,  which  represents  the  approximate 
cruising/patrol  air  speed  of  the  aircraft  at  low  (500  to  5000  feet)  altitude. 
Testing  was  conducted  in  a  vacuum  chamber  that  was  maintained  at  20  Torr  and 
76  to  78°F.  All  erosion-related  damage  to  the  individual  samples  was  assessed 
at  2.5  hour,  5  hour,  7.5  hour,  10  hour  and  12.5  hour  exposure  intervals. 

Task  3.  Wing  Slat  Temperature  Evaluation 

The  activities  of  this  task  concentrated  on  determining  the  meucimum 
temperatures  reached  along  the  leading  edges  of  inboard  and  center  wing  slats 
on  the  HU-25A  aircraft  under  normal  antiicing  conditions.  The  investigation 
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Includad  th«  u*«  of  thin,  non-r«v«rslble  tomperature  labels  that  were  affixed 
to  the  inside  surfaces  of  the  appropriate  wing  slats.  A  change  in  the  color 
of  one  of  the  six  indicating  windows  on  a  label  indicates  the  maximum 
tasiparature  reached  on  the  surface  of  the  metal  surfaces  during  antiicing. 

Five  separate  eight-dot  (eight  discrete  temperature  ratings)  temperature 
labels  %«ere  installed  on  a  center  wing  slat  of  a  single  HU-25A  aircraft  by 
ARSC  personnel  in  Elizabeth  City,  N.C. 

Information  collected  by  the  temperature  monitors  was  used  to  determine 
the  level  of  heating  that  occurs  at  several  areas  along  a  center  wing  slat 
during  antiicing.  The  influence  of  the  localized  heating  or  retempering  on 
the  microstructure  of  the  French  alloy  was  also  investigated.  Metal lographic 
analysis  techniques  viere  used  to  validate  any  transformation  of  the 
microatructure  which  may  potentially  reduce  the  alloy's  inherent  resistance  to 
erosion  and/or  corrosion. 


Task  4.  Literature  Search 

The  purpose  of  Task  4  was  to  conduct  a  literature  search  on  all 
pertinent  seafront  exposure  testing  conducted  with  each  of  the  aluminum  alloys 
investigated  in  this  program.  The  search  concentrated  on  atmospheric 
corrosion  data  for  environments  that  include  high  temperature,  high  humidity, 
and  a  corrosive  sea  salt  air. 

All  information  collected  during  this  task  was  used  to  determine  the 
effects  of  distance  from  the  ocean  on  the  corrosion  rates  of  the  different 
aluminum  alloys  being  used  or  being  considered  for  use  in  the  fabrication  of 
HU-25A  wing  slats.  The  Coast  Guard  can  use  this  information  to  establish 
whether  additional  atmospheric  corrosion  testing  is  required  to  verify  the 
merit  of  stationing  or  parking  of  Coast  Guard  aircraft  further  inland. 


RESULTS  AND  DISCUSSION 
Task  1.  Alloy  Evaluation 


Netallographic  Evaluation 

uncorroded  Test  Sas^les.  A  metallographic  evaluation  of  three  of  the 
four  aluminum  test  samples  being  examined  during  this  program  was  completed. 
Representative  sections  from  each  sample  were  mounted  on  edge  in  an  epoxy 
material  and  polished  using  metallographic  techniques.  The  polished  surfaces 
were  examined  using  a  low-power  microscope  and  photographed  prior  to  being 
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•tch«d.  Photonicrographs  documanting  tha  poliahad  and  atchad  aurfacas  of  tha 
individual  aamplaa  ara  providad  in  Figuraa  1  through  3. 

Fiva  aaparata  microhardnaaa  maaauraiBanta  ware  made  on  tha  poliahad 
aurfacaa  of  each  of  tha  three  aamplaa  and  rapraaentative  aectiona  of  an  aged 
and  unagad  French  alloy  uaing  a  Knoop  indanter  and  500  gram  load.  The  average 
hardneaaaa  calculated  for  all  aamplaa  ara  provided  in  Table  3. 

Table  3.  Microhardnaaa  data  for  five  aluminum  teat  aamplaa. 


Sample  ZO 

Alloy  Zdentificatioa 

Average 

Knoop  Hardness 
(500  g  load) 

1 

2024-T3  (ANODIZED) 

134 

2 

2024-T3  (BARE) 

137 

3 

2219-0  (BARE) 

47 

4 

FRENCH  ALLOT 

153 

5 

FRENCH  ALLOT  (AGED) 

150.5 

Tha  microatructuraa  and  hardneaa  valuaa  maaaured  for  Samplaa  No.  1  and  No.  2 
(Alloy  2024-T3)  %rara  nominally  equivalent.  Average  hardneaa  valuaa  calculated 
for  the  aamplaa  ware  134  (No.  1)  and  137  (No.  2).  Examination  of  tha 
microatructuraa  for  both  aamplaa  indicated  that  tha  aiza  and  diatribution  of 
large  dark  particlaa  (inaolubla  CuMgAl2f  Cu2**^l20r  And  Cu2FaAl7  compounda) 
within  the  graina  waa  aimilar.  An  abaanca  of  CuMgAl2  precipitataa  along  tha 
grain  boundariea  of  either  alloy  indicataa  that  both  materiala  were  correctly 
heat  treated  to  tha  '-T3  temper. 

Aa  ahown  in  Figure  3,  tha  microatructure  for  aample  No.  3  (Alloy  2219-0) 
contained  a  large  number  of  coarae  intarmetallic  compounda.  Theae  compounda 
were  uniformly  diaperaed  throughout  the  individual  graina  of  thia  alloy;  that 
diatribution  contributes  to  this  material's  resistance  to  degradation  by 
elevated  temperatures.  As  expected  from  a  comparison  of  mechanical 
properties,  the  average  microhardnesa  measured  for  this  particular  material 
was  significantly  lower  than  measureoients  obtained  for  the  2024-T3  and  French 
alloys. 

Tha  microatructure  of  an  "aged"  French  alloy  that  was  removed  from  a 
wing  slat  of  an  HU-25A  Falcon  jet  aircraft  is  provided  in  Figures  4a  and  4b. 
Intergranular  and  exfoliation  corrosion  was  evident  along  the  internal  surface 
of  the  sample.  Metal lographic  examinations  confirmed  that  the  attack  was 
concentrated  beneath  a  primer  coating  applied  to  the  internal  surface  of  the 
wing  slat.  Battelle's  ability  to  determine  if  the  attack  was  induced  as  a 
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r«sult  of  <1)  olovatod  tanperatur**  (during  antiicing  of  alat),  (2) 
atnospharic  corrosion,  or  (3)  both,  prior  to  being  primed,  was  limited  by  a 
lack  of  service  history  on  this  particular  component.  No  attack  was  noted 
along  the  external  surfaces  of  the  sample.  As  shown  in  Table  1,  the  average 
Knoop  microhardneas  of  this  material  was  153. 


Corroded  Test  Saaple.  The  metal lographic  examination  of  a  small  (1.0 
inch  by  1.0  inch)  piece  of  eroded /corroded  wing  slat  (see  Figure  5)  that  was 
removed  from  an  HU-2SA  aircraft  (T/N  2131  -  MT2014730G01  SN1S9F)  was 
completed. 

Photographs  documenting  the  size  and  extent  of  corrosion  attack  on  both 
the  internal  and  external  surfaces  of  the  d£unaged  wing  slat  sample  are 
provided  in  Figure  6.  The  external  surfaces  of  the  "as-received”  sample  were 
analyzed  using  a  stereomicroscope  and  scanning  electron  microscope  (SBM). 
Energy  Dispersive  Spectroscopic  analysis  of  x-rays  (EDS)  techniques  were  used 
to  determine  the  semi-quantitative  composition  of  the  deposits  contained 
within  three  distinct  areas  of  the  corroded  sample.  Those  areas  included  one 
in  a  noncorroded  region  (Region  A  in  Figure  6b),  shown  at  higher  magnification 
in  Figure  7,  and  two  within  the  corroded  region  surrounding  the  hole  (Region  B 
in  Figure  6b),  shown  in  higher  magnification  in  Figure  8.  The  results  of  the 
EOS  analyses  are  presented  in  Table  4. 


Table  4.  Results  of  chemical  analysis  performed  on  corroded 
French  alloy  sample  removed  from  HD-25A  Aircraft. 


Uncorroded 

Base  Metal 

Corroded  Area  A^^ 

Corroded  Area  B^’  | 

Element 

Mt. 

Percent*®^ 

Element 

Wt. 

Percent*®^ 

Wt.  Percent*®* 

A1 

78.1 

A1 

92.6 

A1 

97.1 

Si 

7.7 

Si 

0.6 

Si 

0 

P 

2.9 

P 

0 

P 

0 

S 

3.6 

S 

2.1 

S 

1.6 

Cl 

3.8 

Cl 

2.9 

Cl 

1.3 

K 

2.1 

K 

0.7 

K 

0 

ca 

Ca 

1.0 

0 

(a)  see  Figure  7. 

(b)  See  Figure  8. 

(c)  Relative  weight  percent  based  upon  the  total  number  of  counts  of 
the  elements  detected. 
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Figure  6.  Photographs  docuaaatiag  the  extent  of  daaage  noted 

on  the  internal  and  external  surfaces  of  a  wing  slat 
sai^le  rsMTSd  frtm  an  HU-2SA  aircraft. 


rigur*  7. 


rigur* 


200X  E2083 


SEN  photoalerograph  lllustraElag  th«  surfaea  appaarane*  and  dabrla 
la  Eagloa  h  on  Plgura  6b  on  tha  axtarnal  sarfaca  of  tba  eorrodad 
wing  alat  aaaqpla  roaovad  txcm  Aircraft  S/M  2131.. 


8.  EBM  photoalerograpb  llluatratlag  corroalon  daaaga  and  dabrla 
wltbln  two  aroaa  In  Kaglon  B  on  Plgura  6b  of  tha  aaa^la  ranorad 
froa  Aircraft  S/M  2131 

Sha  nuabara  1  and  2  ara  tba  raglona  In  which  EDS  analjaaa  warn 
parforaad  (aaa  Sabla  2). 
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Tha  raaults  suggest  high  concentrations  of  silicon  (Si),  phosphorous 
(P),  sulfur  (S),  chlorine  (Cl),  potassium  (K),  and  calcium  (Ca)  on  the 
uncorroded  section  of  the  sample.  Conversations  with  coast  Guard  personnel 
indicate  that  the  suspected  source  of  the  silicon  may  be  wues  that  are 
periodically  applied  to  the  surfaces  of  the  wings.  Phosphorous,  potassium, 
and  calcium  deposits  may  be  attributed  to  the  cleaners  and/or  aqueous  rinses 
that  are  used  to  routinely  clean  the  aircraft.  Coastal  mist  and/or  exhaust 
gas  emissions  are  possible  sources  of  the  chlorine  (chlorides)  and  sulfur 
(sulfates) . 

The  concentration  of  all  elements  except  sulfur  and  chlorine  are  low 
within  the  corroded  sections  of  the  wing  slat  sample.  The  presence  of  these 
elements  on  a  susceptible  aluminum  material  accelerates  localized  corrosion, 
as  demonstrated  by  the  magnitude  of  daaiage  noted  on  the  sample  shown  in 
Figure  6. 

Additional  processing  of  the  damaged  wing  slat  sample  included  mounting 
the  entire  sample  in  an  epoxy  material  and  selectively  cutting  the  sample  into 
four  separate  sections.  Bach  section  was  then  metal lographically  polished  and 
etched  for  an  examination  of  the  sample's  microstructure.  Photomicrographs 
documenting  the  "as-polished"  and  "as-etched"  condition  of  the  alloy  in  two 
representative  sections  of  the  sample  are  shown  in  Figures  9a  through  9d.  An 
examination  of  each  photomicrograph  confirms  the  presence  of  severe 
intergranular  and  exfoliation  corrosion.  These  failure  modes  are 
characteristic  of  the  high  strength  aluminum  materials,  especially  if  the 
materials  are  overheated  (retempered)  and  '•xposed  to  corrosive  contaminants 
such  as  sulfates  and  chlorides. 

Chemical  Analysis 

A  single  2.0  inch  by  2.0  inch  sample  was  cut  from  four  of  the  test 
samples  (Alloys  2024-T3,  2219-0  and  French  alloy  [aged  and  unaged])  being 
investigated  in  this  task  and  forwarded  to  National  Spectrographic 
Laboratories  (NSL)  for  bulk  chemical  analysis.  Standard  quantitative 
spectroscopic  analysis  techniques  trare  employed  to  determine  the  chemical 
composition  of  the  samples. 

NSL  was  instructed  to  analyze  the  three  samples  for  the  following  nine 
elements:  aluminum  (Al),  copper  (Cu),  manganese  (Mn) ,  magnesium  (Mg),  silicon 
(Si),  chromium  (Cr),  zinc  (Zn),  nickel  (Ni),  and  iron  (Fe).  The  results  of 
the  analyses  are  siuisMurized  in  Table  5. 
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Figure  9.  Photoaierographs  docuaienting  the  intergranular  and  exfoliation 
corrosion  attack  noted  in  two  separate  netallographic  cross- 
sections  taken  through  two  areas  of  the  danaged  wing  slat 
saaiple. 
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Table  5.  Kasulta  of  cboaieal  analysis  parforaod  on  four  aluninun  tost 
saiqplas . 


Sample 

Identification 

Chemical  Conposition,  weight  percent  | 

Cu 

Nn 

Mg 

Si 

Cr 

Sn 

Mi 

Fe 

A1 

2024-T3 

3.98 

0.49 

1.45 

0.06 

<.05 

0.06 

<.05 

0.32 

rem 

2219-0 

5.98 

0.36 

0.01 

0.05 

<.05 

0.05 

<.05 

0.14 

rem 

4.55 

0.68 

1.59 

0.10 

<.0S 

0.12 

<.05 

0.22 

El 

1  French  Alloy 

1 

4.28 

0.75 

1.52 

0.12 

<.05 

0.07 

<.05 

0.30 

D 

bn  axamlnation  of  tha  data  in  Table  5  indicates  that  the  concentrations 
of  the  alloying  elements  in  the  Alloy  2024-T3  and  Alloy  2219-0  samples  are 
consistent  with  the  specifications  listed  in  the  ASM  Handbook  (Vol.  2,  10th 
■dition,  1990).  Zn  addition,  the  2024-T3  and  French  alloy  were  shown  to  have 
similar  chemical  compositions,  but  the  French  alloy  contained  higher 
concentrations  of  copper,  manganese,  and  silicon.  However,  the  higher 
concentrations  of  those  elements  in  the  French  alloy  %wre  within  the  specified 
ranges  for  the  elements  in  Alloy  2024.  A  lack  of  additional  information  on 
the  French  alloy  makes  any  further  comparisons  between  this  sample  and  the 
Alloy  2024-T3  sample  difficult  at  this  time. 

A  representative  sample  of  a  "new”  or  unaged  piece  of  French  alloy  was 
received  from  the  Metal  Air  Corporation  and  submitted  to  NSL  for  chemical 
analysis.  t'his  sample  was  obtained  directly  from  the  Falcon  Jet  Corporation 
in  France;  therefore,  the  sample  was  not  environoiontally  aged  on  an 
operational  aircraft.  Information  related  to  any  heat  treatment  of  the  sample 
was  not  provided  to  Battelle.  Comparisons  among  the  data  obtained  for  this 
sample  and  the  "aged"  French  alloy  sample  indicate  that  the  chemical 
compositions  of  both  samples  were  similar.  Additionally,  the  compositions  of 
both  samples  met  the  requirements  for  Alloy  2024. 

Corrosion  Tests 

Salt-Fog  Test.  Conversations  with  Dr.  Bents  of  the  Coast  Guard's  R&D 
Center  resulted  in  the  selection  of  two  distinct  aging  conditions  that  were 
implemented  during  the  testing  performed  in  this  task.  Zn  addition,  Battelle 
recommended  that  a  third  aging  procedure  be  included  in  the  matrix  to 
ascertain  the  effects  of  numerous  heating  and  cooling  cycles  on  the 
microstructure  of  the  aluminum  alloys.  A  listing  of  the  conditions  that  %«ere 
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uaad  to  •rtificially  ago  tha  alloya  taatad  in  tho  ASTN  B117-85  salt  fog 
chanbar  ara  sunmarisad  as  follows t 

•  Condition  No.  1 

-  Hast  spacimans  to  149**C  for  24  hours, 

-  Air  cool  to  room  tamparatura 

•  Condition  No.  2 

-  Hast  spacimans  to  246**C  for  12  hours, 

~  Air  cool  to  room  tamparatura 

•  Condition  No.  3 

-  Hast  spacimans  to  149‘*C  for  4  hours, 

-  Air  cool  to  room  tamparatura, 

-  Rapaat  cycla  two  additional  times 

Natallographic  axaminations  viara  usad  to  charactariza  the  pre-exposure 
and  post-exposure  microstructures  and  hardnesses  of  all  materials  before  and 
after  heat  traatmant.  A  direct  comparison  batvreen  tha  microstructura  of  tha 
French  alloy  samples  that  ware  artificially  aged  using  each  of  three 
conditions  and  tha  sample  that  was  aged  on  the  Falcon  Jet  aircraft  was 
performed  prior  to  initiating  any  salt  fog  tasting.  Tha  results  of  these 
comparisons  indicated  that  there  was  a  significant  difference  between  the 
specimens  aged  at  149°C  and  246°C;  however,  a  minimal  difference  was  observed 
between  the  two  specimens  aged  at  149°C.  The  microstructures  of  the  latter 
spacimans  ware  identical  and  very  similar  to  the  microstructure  observed  for 
the  naturally  aged  specimen  that  was  removed  from  a  section  of  a  damaged  HU- 
25A  wing  slat. 

Tha  raw  weight-loss  data,  as  well  as  the  corrosion  rates  that  were 
calculated  for  each  set  of  samples  tasted  during  this  task  are  provided  in 
Table  6.  Photographs  documenting  the  post-test,  uncleaned  condition  of  all 
samples  are  provided  in  Appendix  A.  Analysis  of  these  data  and  the 
microscopic  exaiu_..ation8  performed  on  the  exposed  surfaces  of  each  test  coupon 
suggests  that  all  three  aging  conditions  of  the  French  alloy  had  a  high  degree 
of  corrosion  resistance  to  the  ASTM  B117-85  salt  fog  test  environment.  As 
measured,  the  differences  among  the  three  sets  of  data  were  statistically 
insignificant  and  it  is  concluded  that  the  inherent  corrosion  resistance  of 
this  particular  material  is  not  noticeably  affected  by  thermal  aging 
processes.  This  statamnt  supports  tha  premise  that  the  damage  noted  at  a 
single  location  on  tha  canter  wing  slat  of  the  HU-25A  aircraft  is  controlled 
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Xabl*  (.  Sasttlts  of  salt  fog  corrosion  tost. 


Material 

Heat 

Zreataont 

Initial 

Weight, 

grans 

Final 

Weight, 

grans 

Delta 

Weight, 

grans 

HESZaH 

French 

Alloy 

Condition  1 

2.8767 

2. 8245 

2.8671 

2.8104 

0.0096 

0.0141 

5.51632 

8.1021 

Condition  2 

2.7409 

2.7713 

2.7303 

2.7602 

0.0106 

0.0111 

6.09094 

6.37825 

Condition  3 

2.7855 

2.7513 

2.7756 

2.7411 

0.0099 

0.0102 

5.68871 

5.86109 

Alloy 

2219 

Condition  1 

3.3389 

3.3292 

3.3105 

3.2893 

0.0284 

0.0399 

15.6981 

22.0547 

Condition  2 

3.2071 

3.4305 

3.1692 

3.3984 

0.0379 

0.0321 

20.9492 

17.7432 

Condition  3 

3.0674 

3.4447 

3.0336 

3.4143 

0.0311 

0.0304 

17.1905 

16.8036 

Bare 

2024-T3 

Condition  1 

3.7508 

3.2996 

3.7239 

3.2754 

0.0269 

0.0242 

15.4572 

13.9057 

Condition  2 

3.6178 

3.4809 

3.5949 

3.4647 

0.0229 

0.0162 

13.1587 

9.30879 

Condition  3 

3.4106 

3.5288 

3.3903 

3.4995 

0.0203 

0.0293 

11.6647 

16.8363 

Chromated 

2024-T3 

Condition  1 

3.3107 

3.4532 

3.2999 

3.4417 

0.0108 

0.0115 

6.20586 

6.60809 

Condition  2 

3.4943 

3.3126 

3.4815 

3.2959 

0.0128 

0.0167 

7.3551 

9.5961 

Condition  3 

3.5171 

3.1951 

3.4994 

0.0177 

10.1707 

11.8946 

Notes:  Condition  1  -  300*^  for  24  hours 

Condition  2  475°?  foe  12  hours 

Condition  3  -  300°F  for  4  hours  (3  cycles) 
mils/yr  -  mils  of  metal  wastage  per  year 
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by  both  arosion  and  corrosion,  rather  than  by  mlcrostructural  variations  in 
the  Slater ial. 

As  shown  in  Table  6,  the  data  collected  for  the  two  Alloy  2024-T3 
san^les  (bare  and  chroatated)  indicates  that  the  chrooiate  conversion  coating 
which  was  applied  to  the  exposed  surfaces  of  the  tested  samples  affords  sons 
level  of  protection  to  the  material.  A  determination  of  the  extent  and  causes 
of  degradation  to  this  material  was  not  within  the  scope  of  this  program. 
However,  the  data  indicate  that  each  of  the  artificial  aging  processes  affects 
the  integrity  of  the  coating,  as  the  corrosion  resistance  of  the  material 
varies  for  the  different  heat  treatments.  The  cyclic  reheating  (retempering) 
of  the  samples  that  «fere  heated  in  three  4-hour  intervals  appears  to  influence 
the  corrosion  resistance  of  this  material  when  compared  to  the  samples  that 
%Mre  continuously  heated  for  24  hours  at  149°C. 

All  three  sets  of  Alloy  2219-0  samples  performed  poorly  in  the  salt  fog 
corrosion  tost.  The  effects  of  the  three  heat  treatments  are  not  apparent  in 
the  weight  loss  data  that  were  collected  from  all  samples.  Metal lographic 
cross-sectional  analysis  techniques  tfere  used  to  characterize  the  extent  of 
corrosion-related  damage  done  to  .le  microstructure  of  these  specimens  and 
each  of  the  other  seta  of  specimens  that  were  tested  during  this  tas)c.  These 
analyses  and  the  results  of  pose  -  ;:est  microscopic  examinations  performed  on 
the  tested  surfaces  of  the  samples  indicate  that  the  primary  mode  of  attack  to 
each  sample  was  pitting  and  intergranular  corrosion.  The  oiorphology  and 
magnitude  of  attack  was  controlled  by  the  (1)  tyi>e  of  aluminum  alloy,  and  (2) 
the  mlcrostructural  transformations  that  occurred  as  a  result  of  the  various 
retempering  treatments.  Increased  susceptibility  to  corrosion  damage  was 
attributed  to  a  precipitation  of  CUAI2  and  AlxCu^Mg  compounds  along  the  grain 
boundaries . 

Blectrochemlcal  Polarisation  Test.  A  total  of  four  DC  polarization 
tests  were  performed  during  this  task.  All  instrumentation  was  calibrated  and 
the  individual  samples  %fere  prepared  in  accordance  with  the  procedures 
referenced  in  ASTM  G59-78.  The  test  solution  used  to  conduct  each  test  was 
prepared  in  accordance  with  ASTM  D1384.  Tests  were  performed  in  this  solution 
to  determine  the  susceptibility  of  pitting  for  each  of  the  four  aluminum 
alloys  defined  in  the  previous  text. 

Pitting  potential,  i.e.,  the  potential  at  which  the  passive  film  of  a 
material  begins  to  break  down  locally,  is  one  of  the  most  important  features 
characterizing  the  susceptibility  of  an  aluminum  alloy  to  pitting  corrosion. 
The  procedure  used  in  this  program  to  determine  the  pitting  potentials  of  each 
alloy  involved  a  measurement  of  the  anodic  polarization  curves  for  the 
individual  alloys.  By  using  potentiodynamic  methods,  all  changes  in  current 
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danaity  with  potantial  «iara  naaaurad  upward  (nagativa  to  poaitiva)  from  tha 
corroaion  potantial  of  tha  raapactiva  alloy,  and  than  baclcward  to  tha 
corroaion  potantial.  Ttro  eharaetariatic  potantiala  that  wara  than  idantifiad 
on  aach  curva  includad  (1)  lop,  tha  potantial  at  which  a  auddan  incraaaa  of 
tha  currant  cauaad  by  pit  nuclaation  on  tha  aurfaca  of  tha  taat  aampla  occura, 
and  (2)  Bpp,  tha  potantial  aaaociatad  with  a  dacraaaa  in  currant  cauaad  by  tha 
rapaaaivation  of  pita. 

Figuraa  10a  through  lOd  documant  tha  anodic  polarisation  curves  obtained 
for  the  four  aluminum  alloys  after  tasting  in  ASTM  D1384.  An  analysis  of  aach 
curva  indicates  that  Alloy  2024-T3  (Eop  >  -285  mV)  and  tha  French  alloy 
(B,^  >  -300/-285  mV)  are  tha  moat  resistant  to  pitting  corrosion.  Conversely, 
tha  pitting  potantial  oiaasurad  for  tha  anodised  Alloy  2024-T3  saaq;>la  was 
approximately  -390  mV.  Tha  auspactad  source  of  this  worsa-than-expactad 
result  may  be  attributed  to  tha  quality  of  tha  protective  anodised  film  on  tha 
surface  of  tha  test  sample.  Any  scratches  or  discontinuities  in  the  film 
would  result  in  a  decrease  in  corrosion  resistance  and  an  increased 
susceptibility  to  pitting  corroaion. 

Tha  polarisation  behavior  of  Alloy  2219-0  indicates  that  this  particular 
oiatarial  is  much  more  susceptible  to  localised  corrosion  attack  than  are  tha 
other  three  alloys  that  vrare  examined  by  this  tasting  method. 

Task  2.  Bvaluatioa  of  Broslon  Kasistaaca 

Tha  vacuum  chamber  within  which  tha  test  samples  were  impacted  is  shown 
in  Figure  11.  In  this  chamber,  two  O.S-inch  by  O.S-inch  by  0.0625-inch 
samples  were  attached  180  degrees  from  one  another  on  a  5.75-inch  OD  by  0.5- 
inch-thick  aluminum  disc  and  rotated  at  280  to  300  mph.  Figure  12  documents 
tha  site  and  shape  of  tha  disc  as  well  as  the  positioning  of  the  individual 
samples  on  the  disc.  Preliminary  calibration  runs  verified  that  no  abnormally 
high  stresses  %<ere  introduced  onto  the  holder  as  a  result  of  the  samples 
protruding  from  the  edge  of  the  disc.  As  shown  in  Figure  13,  a  single  0.25- 
inch  hole  was  drilled  into  each  sample  to  permit  attachment  to  the  disc.  All 
samples  were  positioned  on  the  disc  so  that  the  center  of  the  sample  was  6.0 
inches  from  the  axis  of  rotation.  This  design  allowed  for  an  excellent  static 
and  dynamic  balance  of  the  disc. 

The  disc  was  rotated  by  means  of  a  high-speed  0.75-hp  motor  mounted 
outside  the  chamber,  turning  the  shaft  through  a  rotatable  vacuum  feedthrough. 
Minimal  problems  tfsre  encountered  in  the  design  of  the  bearings  in  this 
feedthrough. 

The  method  used  for  generating  drops  with  precisely  controlled  size 
relies  on  the  Rayleigh  instability  which  occurs  in  a  liquid  jet  brought  about 
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Countf-ctocfcwix  natation 


SampI*  Holdw  No.  1 


Holder  No  .  2 


Flgur*  12.  Sch— itic  draMlng  of  disc  and  aa^la  holdar 
usad  in  oroaion  tasting  davica. 


Figura  13.  Photograph  docnnanting  sisa  and  shapa  of  tast  saiqpla 
asad  during  atosion  tasting. 
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tdtan  th«  j«t  bagins  to  nock  down  and  pinch  off  into  a  drop  undar  tha  action  of 
aurfaca  tanaion.  Any  randomly  occurring  diaturbanca  initiataa  instability; 
tharafora,  by  introducing  a  high-amplitude  periodic  disturbance  of  an 
appropriate  frequency  tha  jet  was  siada  to  pinch  into  drops  at  a  very  precise 
rata.  Tha  jet  was  issued  from  a  hypodermic  needle,  sharpened  and  polished  to 
minimise  turbulent  flow.  A  piesoelectric  crystal  oscillated  the  needle  a»unt 
with  an  aanplitude  of  only  a  few  microns,  which  was  sufficient  to  introduce 
nicely  periodic  Rayleigh  instabilities.  The  optimal  frequency  for  generating 
droplets  depends  upon  flow  rate  and  jet  diameter.  If  V  is  the  jet  velocity 
and  f  the  driven  oscillation  frequency,  then  the  wavelength,  1,  of  the 
disturbance  in  the  jet  is  simply  V/f.  Calibration  tests  indicated  that 
optisial  droplet  generation  resulted  when  X  >  5d,  where  d  is  tha  jet  diameter. 
Salt-  containing  water  droplets  for  impacting  the  saa^les  %«ere  selected  from 
the  stream  by  either  electrostatic  manipulation  or  by  a  mechanical  shutter. 

The  results  obtained  from  the  water  droplet  erosion  testing  performed  on 
the  "as-received"  surfaces  of  all  samples  are  provided  in  Table  7.  Figures 
14a  through  14d  document  the  progression  of  erosion-related  damage  on  an 
unaged  French  alloy  sample  at  four  discrete  exposure  intervals.  Additional 
photomacrographs  of  the  "as-tested"  condition  of  the  individual  samples  after 
12  hours  of  exposure  to  the  salt-containing  water  droplets  are  provided  in 
Appendix  B. 

Graphical  summaries  of  the  normalized  weight-loss  data  collected  for  all 
materials  tested  during  this  task  are  provided  in  Figures  15a  through  15d. 
These  graphs  assist  in  the  interpretation  of  the  data  obtained  for  each 
material  as  a  function  of  a  fixed  set  of  conditions  that  are  representative  of 
actual  service  conditions  along  the  leading  edges  of  the  HU-2 5 A  wings. 

Testing  was  not  designed  to  simulate  the  heated  condition  of  these  wing  slats 
during  anti-icing  operation;  therefore,  all  erosion  tests  were  conducted  at  a 
constant  temperature  of  75°F. 

The  two  sets  of  data  plotted  in  Figure  ISa  document  the  erosion  rates 
for  both  aged  and  unaged  samples  of  Alloy  2219-0.  A  comparison  among  the  data 
confirms  that  conditions  used  to  artificially  age  the  respective  sample  were 
significant  enough  to  increase  the  inherent  erosion  resistance  of  this  soft 
(Knoop  hardness  *47)  aluminum  alloy.  However,  it  was  observed  that  the  data 
collected  after  12.5  hours  of  testing  indicated  that  the  inherent  erosion 
resistance  of  this  aluminum  alloy  was  approximately  six  times  less  than  the 
resistance  measured  for  the  French  and  2024-T3  alloys.  Examinations  performed 
on  both  samples  verified  erosion-related  perforations  through  the  0.043-inch- 
thick  material  after  12.5  hours  of  testing.  This  result  along  with  the  data 
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a.  5  Hour* 


b.  7.S  Hours 

Figura  14.  Photograph  docuMntlag  oroslon  daoago  occurring  on  unagod 
Fronch  Alloy  at  four  osposurs  intorrals. 
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a.  Maw  mad  Agad  Alloy  2219-0 


b.  Haw,  Agad,  and  Bard  Anodlaad  Alloy  2043-S3 

Figuro  15.  Kasults  of  raindrop  oroaion  toats  parfonaad 
on  aavaral  aluaimia  aircraft  alloya. 
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obtainad  during  Task  1  (poor  corrosion  rasistance)  confirms  that  this 
particular  aluminum  alloy  should  not  ba  considarad  for  usa  on  tha  wing  slats 
of  tha  HU-25A  aircraft. 

Data  prasantad  in  Figura  15b  sarva  to  illustrata  tha  arosion-relatad 
parformanca  batwaan  tha  agad  (24  hours  at  204*’C),  unagad,  and  unaged  hard 
anodised  (HA)  Alloy  2024->T3  samples.  The  thick  (0.0025  to  0.003  inch)  anodic 
film  on  tha  test  surface  of  tha  HA  sample  was  produced  to  improve  corrosion 
and  erosion  rasistance  of  Alloy  2024-T3. 

A  comparison  among  tha  normalized  erosion  rates  neasured  for  the  Alloy 
2024-T3  samples  after  12.5  hours  of  tasting  indicates  that  the  artificially 
agad  sample  is  approximately  three  times  more  susceptible  to  erosion  damage 
than  either  of  tha  other  samples.  The  observed  decrease  in  erosion  resistance 
for  this  material  may  be  attributed  to  grain  boundary  precipitation.  This 
condition  causes  a  decrease  in  the  strength  of  the  material,  especially  at  the 
exposed  surfaces  of  the  sample,  which  also  influences  corrosion  resistance. 
Specifically,  the  erosion  results  and  the  data  collected  for  this  material 
during  the  corrosion  testing  of  Task  1  indicate  that  the  overheating  of  the 
alloy  will  detrimentally  influence  erosion  and  corrosion  resistance. 

Hoviever,it  should  be  emphasized  that  the  erosion  damage  measured  on  the  French 
alloy  that  was  aged  to  the  same  set  of  conditions  was  approximately  two  times 
as  severe  as  the  damage  observed  on  the  aged  Alloy  2024-'T3.  This  result 
strengthens  the  recommendation  to  select  Alloy  2024-T3  as  a  replacement 
material  for  the  French  alloy. 

The  normalized  rates  measured  for  both  the  unaged  (1)  bare  and  (2)  hard 
anodized  Alloy  2024-T3  samples  are  almost  identical.  Pre-test  examinations  of 
the  test  surfaces  of  the  hard  anodized  sample  failed  to  reveal  a  crazing  of 
the  coating  which  is  often  associated  with  the  growth  of  a  thick  anodic 
coating  on  aluminum  alloys.  The  literature  reports  that  this  condition 
con^romises  the  strength  and  erosion/corrosion  resistance  of  the  coating. 

The  unexpected  low  erosion  resistance  of  the  hard  anodized  Alloy  2024-T3 
may  be  associated  with  the  pretreated  and/or  pre-test  surface  roughness  of  the 
test  santple.  This  condition  is  capable  of  causing  a  local  spalling  of  the 
coating  which  adversely  influences  the  resistance  of  the  aluminum  alloy  to 
erosion  and  chemical  attack.  Gillig^*  has  studied  the  effects  of  rain  erosion 
at  high  velocity  on  the  leading  edges  of  aluminum  aerofoils.  Results 
indicated  that  failure  depended  primarily  on  the  aluminum  alloy  being  hard 
anodized.  The  best  performance  was  obtained  with  2024-T3  Alclad,  6061,  and 
2024-T3,  in  that  order. 

Spalling  of  the  coating  on  A  loy  2024-T3  tested  in  the  Battelle  erosion 
rig  was  observed  in  a  microscopic  examination  of  the  eroded  areas  on  the  test 
surface  of  the  sample.  No  correlation  between  pre-test  surface  roughness  and 
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tha  location  of  spalling  damago  on  tha  unagad  sampla  was  parformad  during  thia 
taak. 


Figura  15c  docuoanta  tha  normalizad  aroaion  ratas  maaaurad  for  tha 
Franch  alloy  samplaa.  Data  collactad  for  tha  four  unagad  (control)  aamplas 
indicataa  that  tha  aroaion  tast  waa  raproducibla.  Mormalisad  rataa  for  thia 
particular  sanpla  rangad  batwaan  1.01  and  1.99  mg/cm,  with  tha  avarage  rata 
calculatad  at  1.41  mg/cm. 

A  comparison  among  tha  two  naturally  agad  Franch  alloy  samples  ( removed 
from  CG  aircraft  No.  1  and  2)  and  tha  two  artificially  aged  samples  confirms 
the  following: 

(1)  Susceptibility  to  erosion  damage  was  highest  for  the  samples  that 
were  removed  from  the  overheated  and  discolored  leading  edge 
aection  of  a  center  wing  slat  from  aircraft  No.  2  and  the  sample 
that  waa  artificially  aged  at  220^*0  for  110  hours. 

(2)  The  measured  erosion  resistance  and  measured  level  of  damage  on 
the  sample  that  was  artificially  aged  for  24  hours  at  204°C  waa 
slightly  higher  than  that  measured  for  the  sample  removed  from 
aircraft  No.  2. 

(3)  Tha  magnitude  of  deunaga  measured  for  tha  two  artificially  agad 
samples  and  the  sample  removed  from  the  overheated  wing  section  of 
aircraft  No.  2  confirms  that  the  most  severe  damage  accelerated 
after  five  hours  of  tasting. 

(4)  Heating  of  tha  sample  removed  from  an  area  approximately  10  inches 
from  tha  ovarhaatad  wing  section  of  aircraft  No.  1  (T/N  2131 , 
My2014730G01SNlS9F)  waa  not  sufficient  to  induce  an  adverse 
transformation  of  the  French  alloy's  microstructure.  The  erosion 
resistance  of  thia  naturally  aged  sample  was  comparable  to  tha 
unagad  French  alloy  samples. 

Tha  results  obtained  from  tha  above  mentioned  comparisons  confirm  that  the 
conditions  (24  hours  at  204°C)  selected  to  artificially  age  the  aluminum 
alloys  investigated  during  this  task  were  adequate  based  on  the  limited  data 
available  for  the  field  retrieved  (naturally  aged)  samples.  Specifically,  the 
length  of  time  each  sample  waa  exposed  to  the  overheating  (antiicing) 
condition.  The  data  suggest  that  an  ideal  set  of  aging  conditions  may  have 
been  110  hours  at  220*’C. 

A  comparison  among  the  four  unaged  samples  tested  during  this  task  is 
provided  in  Figure  15d.  The  data  indicate  that  the  erosion-related 
performance  of  the  hard  anodized  and  bare  Alloy  2024-T3  samples  and  the  French 
alloy  is  equivalent.  As  stated  in  the  previous  text,  the  rate  of  erosion 
increased  after  5  hours  of  exposure  testing.  Conversely,  the  data  collected 
for  Alloy  2219-0  suggest  that  this  aluminum  alloy  should  not  be  considered  as 
a  candidate  replacement  material  for  the  outer  wing  slats  of  the  HU-25A 
aircraft.  The  same  conclusion  was  obtained  from  the  corrosion  testing 
conducted  on  this  material. 
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Task  3.  Wing  flat  Taaparaturs  Braluatioa 

Tvfo  sats  of  aight-dot  (aight  diacrata  tamparatura  ratings)  nonravarsibla 
tao^ratura  labals  wara  ordarad  from  Omaga*  Enginaaring  and  usad  in  this  taak 
to  dotarmina  tha  tamparatura  obtainad  on  tha  intarnal  surfacaa  of  tha  cantar 
wing  slat  during  antiicing  conditions.  Bach  labal  containad  a  total  of  sight 
indicator  dots,  which  turnad  black  at  tha  ratad  tamparaturas  idantifiad  on  tha 
raspactiva  labal.  A  listing  of  tha  ttfo  typas  of  labala  and  corresponding 
tan^ratura  ratings  apacifiad  for  each  labal  usad  in  this  task  is  provided  in 
Table  8. 

Table  8.  Mon-Eaversible  Tai^taratttra  Xadials  Used  in  Task  3. 


Placamant  of  each  pair  of  labala  (0.7S-inch  wide  by  2.0-‘inchaa  long)  along  tha 
wing  slats  of  t%«o  operational  Falcon  Jat  aircraft  stationed  at  tha  Coast  Guard 
Aircraft  Repair  Service  Center  (ARSC)  in  Elizabeth  City,  N.C.,  was  parfomad 
by  Coast  Guard  personnel.  Tha  Program  Manager  at  tha  Coast  Guard  R6D  Cantar 
and  raprasantativas  from  tha  Falcon  Jat  Corporation  wara  consulted  on  tha 
selecting  a  service  exposure  period  which  trould  ensure  that  the  highest 
possible  temperatures  along  the  wing  Slat  %mre  obtainad. 

Tha  results  obtainad  from  the  initial  exposure  of  tha  teaqparature  labals 
at  ARSC  indicated  that  the  temperatures  along  the  intarnal  surfaces  of  tha 
center  wing  slat  were  lower  than  330°F.  As  a  result,  the  temperature 
sensitive  dots  ware  unable  to  detect  and  racord  tha  precise  tamparaturas  of 
tha  aluminum  wing  slat.  It  was  concluded  that  tha  tasiparatura  measurements 
%fare  affected  by  tha  in-flight  flow  of  air  across  the  leading  edges  of  tha 
canter  wing  slat.  This  airflow  pattern  caused  a  significant  decrease  in  the 
metal  temperature  that  was  measured. 

In  response  to  the  results  obtained  from  the  initial  exposure,  an 
additional  set  of  temperature  labels  were  installed  on  a  single  aircraft  in 
the  locations  shown  in  Figure  16.  The  temperature  range  of  these  labels  was 
200  to  AOO^F.  All  labels  were  installed  into  the  same  areas  as  the  initial 
set  of  labels.  The  results  collected  by  the  second  set  of  labels  indicated 
that  the  temperatures  along  the  center  wing  slat  were  between  285  and  320°F. 
Coast  Guard  and  Falcon  Jet  personnel  stated  that  these  temperatures  may  be 
slightly  lower  than  the  actual  skin  temperatures  because  of  the  air  flow 
condition. 
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b.  Atm  of  ov«rh«ating  and/or  discoloration 
on  cantor  wing  slat 

Figura  16.  Photographs  docnaanting  approsisMto  placoaant  of  ta^poratura 
labals  on  inboard  and  cantor  wing  slats  of  IU~2SA  Falcon  jot. 
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Efforts  to  obtain  mors  sccursts  tompsraturs  msasursmonts  using 
thsrmocouplss  attachod  to  ths  intsrnal  surfaces  of  the  center  wing  slat  were 
abandoned  with  the  transfer  of  Coast  Guard  personnel  at  ARSC. 

Task  4.  Xiiterature  Searcli 

The  operating  environments  of  aircraft  in  the  collective  Coast  Guard 
fleet  vary  widely,  as  does  the  susceptibility  of  each  type  of  aircraft  to 
corrosion.  Unlike  stationary  structures,  the  level  of  corrosion  occurring  in 
and/or  on  aircraft  varies  as  a  result  of  several  factors,  not  the  least  of 
which  is  the  fact  that  in  flight  the  aircraft  experiences  widely  varying 
conditions  as  a  result  of  geographical  location,  range,  altitude,  and  %wather 
changes.  A  considerable  amount  of  an  aircraft's  service  time  is  spent  on  the 
ground}  therefore,  the  environment  of  the  base  or  installation  responsible  for 
maintenance,  readiness,  and  reliability  is  an  important  consideration. 

The  objective  of  this  task  was  to  conduct  a  literature  search  of 
available  technical  articles  for  the  purpose  of  determining  the  effects  of 
distance  from  the  ocean  (salt  air)  on  Coast  Guard  aircraft  corrosion.  The 
search  included  a  review  of  proceedings  from  several  syn^sia  sponsored  by  the 
American  Society  for  Testing  and  Materials  (ASTM)  Committee  G-1  on  Corrosion 
of  Metals.  The  majority  of  the  published  papers  contained  the  protocol  and 
results  of  laboratory  and/or  field  testing  that  was  performed  for  the  purpose 
of  obtaining  atoiospheric  corrosion  information  on  both  ferrous  and  non-ferrous 
materials.  Technical  papers  authored  by  international  experts  were  also 
obtained  and  reviewed  in  an  effort  to  validate  the  corrosion  data  presented  in 
each  of  the  ASTM  articles. 

Accelerated  corrosion  near  the  ocean  is  correlated  with  airborne  sea 
salt,  but  establishing  a  critical  distance  from  the  shore  is  difficult  because 
there  is  a  limited  amount  of  quantitative  information  relating  corrosion  to 
atmospheric  salt  concentrations,  or  even  relating  salt  concentrations  to 
distance  from  the  shore.  The  chlorides  in  salt  spray  eure  primarily 
responsible  for  an  aggravation  of  aircraft  corrosion  in  ocean  environments. 
This  statement  is  supported  by  studies  conducted  by  Ambler  and  Bain^  in 
Nigeria  and  also  Ailor^  in  the  United  States.  Both  studies  included  specimens 
of  steel  and  aluminum  that  were  exposed  at  distances  from  the  ocean  ranging 
from  a  few  yards  to  over  100  miles.  The  concentration  of  salt  particles  in 
the  atmosphere  at  the  various  test  locations  was  measured  in  an  effort  to 
characterize  the  magnitude  of  damage  by  the  level  of  chlorides.  Results 
obtained  from  the  studies  indicated  that  samples  closest  to  the  ocean 
corrosion  had  almost  ten  times  the  corrosion  rate  of  those  approximately  500 
yards  away  from  the  ocean. 
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Larger  salt  partlclaa  aattla  from  tha  air  rapidly;  wharaas,  araall 
partielas  parsiat  in  tha  atnoaphara  and  aarva  aa  condanaation  pointa  for 
rainwatar.  Thua,  any  datactabla  laval  of  chlorides  in  rainwatar  ovar  land 
aiaaaaa  ia  corralatad  with  amall  particlaa.  Junga  and  Guatafaon^  raportad  a 
diract  aattling  of  larga  particlaa  occura  naar  tha  aaa  ahora.  Additionally, 
it  ia  unlikaly  that  tha  praaanca  of  chloridaa  in  rainwatar  ia  ralavant  to 
corroaion  bacauaa  tha  dacraaaa  of  chlorida  contant  in  rainwatar  occura  ovar 
larga  diatancaa,  but  tha  owaaurabla  dacraaaaa  in  corroaion  damaga  ara 
aignificant  (Hudaon  and  Stannar*).  Corroaion  rataa  at  a  6.2-mila  diatanca 
from  tha  ahora  ara  approx imataly  tha  aama  aa  corroaion  rataa  far  inland. 
Conaaquantly,  a  critical  proximity  to  tha  aaa  ahould  ba  datarminad  not  from 
tha  rainwatar  chlorida  concantration,  but  from  particulata  chlorida 
concant rat iona . 

Similar  raaulta  %Mra  obtainad  by  Coburn^  in  a  aariaa  of  atmoapharic 
taata  that  wara  conductad  at  tha  Inco  oiarina  atmoapharic  corroaion  taat 
atation  at  Kura  Baach,  North  Carolina.  Matariala  taatad  at  thia  taat  aita 
includad  ataal,  sine,  and  aluminum.  Poat-axpoaura  %faight  loaa  data  indicatad 
that  thara  waa  an  aightfold  raduction  in  tha  corroaivity  of  tha  atmoaphara 
ralatad  to  a  lo%Mr  concantration  of  airborna  aalt  800  faat  from  tha  ocaan  aa 
comparad  with  80  faat.  Sowinaki  and  sprowla*  obtainad  a  aimilar  corralation 
batinaan  diatanca  from  tha  ocaan  and  corroaion  of  numaroua  wrought  and  caat 
aluminum  alloya  that  wara  axpoaad  at  Alcoa  marina  taat  aitaa  locatad 
throughout  tha  Onitad  Stataa. 

Tha  corroaivity  indax  of  Coaat  Guard  inatallationa  locatad  in  marina 
anvironmant  may  vary  widaly  aa  a  conaaquanca  of  aavaral  factora.  Ona 
iaiportant  factor  includaa  tha  diraction  of  pravailing  winda  ralativa  to  tha 
ocaan  and  tha  topography  of  tha  ahorallna  which  affacta  wava  action  and  tha 
amount  of  aalt  particlaa  thrown  into  tha  air  by  tha  aurf.  Wavaa  aithar  pound 
a  rocky  ahora  or  ramain  atill  on  a  wida  gantla  baach.  Tha  affacta  of  both 
conditiona  and  thair  impact  on  corroaion  wara  illuatratad  by  marine 
atmoapharic  corroaion  taata  conducted  by  the  American  Society  for  Tasting 
Materials  at  LaJolla,  California,  and  Kay  West,  Florida.^  Corrosion  rates 
measured  for  various  steal  and  aluminum  alloys  indicated  that  tha  former 
location  was  more  corrosive  than  tha  latter  as  a  result  of  continuous  exposure 
to  air  saturated  with  aaa  aalt.  Tha  Kay  West  location,  which  was  adjacent  to 
a  calm  lagoon,  was  avan  lass  corrosive  than  tha  inland  atoiosphara  at  Stata 
Collage,  Pennsylvania. 

Additional  factors  that  influence  tha  corrosion  rates  of  tha  aluminum 
alloys  being  investigated  in  this  program  include  tha  laval  of  rainfall, 
temperature,  and  humidity  in  the  marina  environment.  McGaary  at  al.^  found 
that  in  the  presence  of  a  given  hygroscopic  salt,  corrosion  will  not  occur 
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until  th«  rnintiv*  humidity  axcMds  a  cmrtain  valua,  which  is  dapendent  on  tha 
idantity  of  tha  salt.  For  sodium  chlorida  (NaCl),  this  valua  is  78  parcant  RH 
at  20°C,  and  with  incraasing  tamparatura  tha  ralativa  humidity  valua  is 
dacraasad  (75  parcant  at  25°C) .  Rain  promotas  corrosion  by  providing  moistura 
and  washing  away  solubla  corrosion  products.  Rain  also  ratards  corrosion  by 
washing  away  pollutant  and  salt  air  dapoaits. 

In  suimnary,  tha  limitad  information  obtainad  during  this  task  suggasts 
that  salt  concantrations  and  corrosion  ratas  for  staal  and  aluminum  matarials 
dacraasa  monotonically  to  approximataly  1  mila,  with  most  of  tha  dacraasa 
occurring  within  800  yards.  Corrosion  ratas  and  salt  concantrations  ramain 
constant  batwaan  1  and  6.2  milas,  unlass  other  pollutants  and/or  anvironmantal 
factors  are  conaidarad. 


samnRT  op  rbsulxs 


Tha  following  results  ware  obtained  from  this  programs 

(1)  Microhardnass  maasuremants  indicate  that  the  average  hardness  values  for 
Alloy  2219-0,  Alloy  2024-T3,  and  tha  French  alloy  ware  47,  137  and  153, 
raspactivaly.  Tha  hardness  of  tha  naturally  aged  French  alloy  sample 
retrieved  from  aircraft  Ho.  1  was  150.5. 

(2)  Microstructural  analyses  confirmed  that  tha  hole  on  tha  danuigad  leading 
adga  of  a  canter  wing  slat  of  aircraft  No.  1  (T/N  2131}  developed  in 
rasponsa  to  (1)  local  microstructural  changes  resulting  from  a  hot  air 
antiicing  system,  and  (2)  tha  operating  environment  of  tha  aircraft 
which  promoted  corrosion  and  rain  drop  erosion  damage. 

(3)  Bulk  analyses  confirmed  that  tha  concentrations  of  various  alloying 
elamants  in  tha  Alloy  2024-T3  and  Alloy  2219-0  samples  are  consistent 
with  tha  specifications  listed  in  tha  ASM  Handbook.  Additionally,  tha 
higher  concantrations  of  several  elements  (Si,  Cu,  and  Nn)  in  the  French 
alloy  are  within  tha  specified  ranges  for  tha  elements  in  Alloy  2024-T3. 

(4)  The  microstructure  of  the  French  alloy  aged  for  12  hours  at  246  C  was 
similar  to  the  microstructura  of  tha  French  alloy  sample  retrieved  from 
a  damaged  (overheated)  section  of  aircraft  2131. 

(5)  Corrosion  testing  indicates  that  the  corrosion  resistance  of  aged/unaged 
Alloy  2024-T3  and  French  alloy  samples  are  identical.  By  comparison, 
the  resistance  of  Alloy  2219-0  was  poor. 

(6)  Raten^ring  of  Alloy  2219-0  increases  erosion  resistance;  however,  the 
oieasured  resistance  is  approximately  six  tiates  less  than  that  measured 
for  the  French  and  2024-T3  alloys. 

(7)  Normalised  erosion  rates  for  tha  unagad  (1)  bare  and  (2)  hard  anodized 
Alloy  2024-T3  are  identical.  Tha  pre-test  surface  roughness  of  tha  hard 
anodized  material  may  restrict  superior  performance.  Silicone  wax  or 
sealants  should  be  used  to  improve  material  performance  in  a  corrosive 
marine  environment. 
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(6)  Th«  •roaion  rasistanca  of  tha  tiro  naturally  agad  Pranch  alloy  samplas 
ramovad  from  two  CO  aircraft  variad  aa  a  raault  of  tha  langth  of  tlaa 
aach  aanpla  was  axposad  to  tha  antiicing  tamparaturas  and  corrosiva 
oparating  anvironoiant . 

(9)  A  raviaw  of  availabla  litaratura  suggasts  that  thara  is  an  sight-  to 
tan-fold  raduction  in  tha  laval  of  corrosivity  batwaan  80  and  800  yards 
from  tha  ocaan,  aa  maasurad  on  staal  and  aluminum  spaciaians.  Pravailing 
winds  and  shoralina  topography  must  ba  considarad. 

(10)  Corrosivity  of  a  marina  anvironoiant  dacraasas  monotonically  to 
approximataly  1  mils,  and  ranutina  constant  through  6.2  rnilas. 

Industrial  pollutants  and/or  advarsa  anvironmantal  factors  must  also  ba 
considarad. 


COMCLUSXOil* 


(1)  Infarior  corrosion  and  arosion  rasistanca  rastricts  tha  uss  of  Alloy 

2219-0  as  a  candidata  raplacaoiant  alloy  for  tha  outar  wing  slats  of  tha 
HU-25A  aircraft. 


(2)  Tha  litaratura  suggasts  that  tha  corrosion  rasistanca  of  tha  hard 
anodizad  2024-T3  alloy  is  axcallant.  This  condition  is  dasirabla  for 
wing  slat  application;  howavar,  additional  corrosion  tasting  of  agad 
samplas  must  ba  parformad  bafora  this  matarial  is  racomaandad  in  placa 
of  Alloy  2024-T3. 

(3)  Airflow  across  tha  laading  adgas  of  tha  outar  wing  slats  of  an  HU-25A 
aircraft  during  antiieing  dacraasad  matal  tamparaturas;  tharafora, 
limiting  tha  ability  to  obtain  an  accurata  tamparatura  maasuramant  using 
tamparatura  indicating  labals.  Tha  maasurad  tamparaturas  ara  lowar  than 
tha  actual  skin  tamparaturas  becausa  of  tha  airflow  condition. 
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J^p«ndiz  A 


Photographs  Dooimsnting  Post-Tost  Condition 
of  Alunintni  Alloys  Bxposod  to  A8TM  B117-85 
Salt  Fog  Corrosion  Tost 


Artificial  Aging  Condition  No.  1 

>  Boat  to  300  r  for  34  lioura 
-  Air  cool  to  76  r 


A-2 


Artificial  Aging  Condition  No.  2 

-  Boat  to  475  F  for  12  boura 

-  Air  cool  to  74  F 


Alloy  2219-0  (Bara) 


Alloy  2024-X3  (Bar*) 


Prwicli  Alloy  (Chroaatad) 

As-X*Bt*d  AB-Cl*an*d 
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Artificial  Aging  Condition  Mo.  3 

-  lont  to  300  r  for  4  hours 

-  Air  cool  to  76  r 

-  Aopoat  cycla  2  tinos 
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Appendix  B 


Photographs  DocuBsnti&g  ths  **As-Ts8tsd*' 
Condition  of  Aluniniu  Alloys  Exposed  to 
Raindrop  Erosion  Tost 
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Alloy  2219-0  (Unaged) 
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3.5X  B2 

Alloy  2219-0  (Aged) 

(24  hrs  at  204  C) 
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Alloy  2024-T3  (Unaged) 
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Alloy  2024-T3  (Aged) 
(24  hre  at  204  C) 
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French  Alloy  (Unaged) 
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French  Alloy  (Aged) 
(24  hre  at  204  C) 
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Franch  Alloy  (Agad) 

B7 

(A/C  NO.  1) 
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Franch  Alloy  <Ag«d) 
(A/C  No.  2) 
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French  Alloy  <Ag*d) 
(110  hr«  at  220  C) 


Alloy  2024-T3  (Unaged) 
(Hard  Anodized) 
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